The new refrigerant R-1234yf is on the verge of widespread acceptance as the preferred alternative fluid for use in automotive air conditioning systems. In view of this, much work has recently been conducted in the fundamental thermophysical analysis of the refrigerant, as well as in its practical application in automotive air conditioning systems.
INTRODUCTION
R-1234yf is confirmed as the preferred replacement automotive refrigerant in all markets where R134a is now unacceptable on the grounds of environmental impact. All vehicle manufacturers selling new models into the European market from 2011 onwards have to comply with the Global Warming Potential (GWP) upper limit of 150 laid down in the legislation (1); R-1234yf achieves this comfortably, with a published GWP value of 4 (2).
However, although the GWP of R-1234yf is clearly acceptable, other thermodynamic properties of the fluid are inferior as compared with R134a. Most notably, enthalpy of vaporisation at typical evaporating pressures is around 18% lower for R-1234yf as compared with R134a, although this is offset to some extent by the higher gas densities of R-1234yf (3) . In view of these differences, the automotive community has been, and continues to be, active in A/C system performance development using the new fluid. This paper will briefly discuss some of the measures which are being adopted in order to claw back the potential performance degradation relating to the new fluid, but the main objective of the paper is to present a set of thermodynamic property relationships which enable the practicing engineer to analyse the R-1234yf A/C loop. Whilst evaporator air-side observations and calculations are useful in assessing the ultimate performance of the new refrigerant, detailed analysis of the refrigerant loop is also essential in the development of any new system. Vehicle development engineers conducting whole-vehicle refrigerant charge determination tests, typically in the Climatic Wind Tunnel (CWT), need to be able to calculate condenser subcool and evaporator superheat accurately. Similarly, laboratory-based A/C studies, which generally seek to develop a more fundamental understanding of the refrigerant cycle, also need accurate saturation data, as well as comprehensive refrigerant enthalpy information. Some of the data required has been published recently, with discrete laboratory-based measurements of refrigerant properties and extended tables of data derived from complex equations of state (4, 5, 6, 7) . However, the data presented is not sufficiently detailed for use in analysis of A/C cycles, and the mathematical relationships and coefficients given generally require the use of relatively complex iterative numerical solutions. This paper gathers together property data which has been published for R-1234yf, and condenses the information into a set of highly useable curve fits which can be implemented by the practicing automotive engineer in everyday simulation and analysis environments. The logarithmic and 2D and 3D polynomial relationships presented enable direct calculation of refrigerant saturation properties and enthalpy over the normal operating range of the fluid in an automotive A/C system, and generally recover properties to an accuracy of within 0.2% as compared with the published data.
DEVELOPMENT OF THERMOPHYSICAL RELATIONSHIPS
The relationships developed here are generally of relatively simple polynomial form, and they are presented along with their respective coefficients. As some of the relationships extend to sixth order terms care needs to be taken with respect to the accuracy of coefficients used; these are quoted to 12 significant figures where appropriate, which was found to give acceptable accuracy and stability. where t is saturation temperature in C, P is absolute pressure in bar and c 0-3 are the polynomial coefficients, which are given for all relationships in Table 1. A plot of the 'raw' R-1234yf data, R-1234yf data recovered from the log fit, and the R134a curve is shown in Fig 1. It can be seen that the log fit recovers saturation temperature to an accuracy of within around 0.05C across the entire range, and is typically within 0.02C, which is more than adequate for automotive A/C system analysis. Saturation enthalpy relationships Saturated liquid and vapour enthalpy data has been made available in separate publications by Leck and Akasaka up to the critical point of 94.7C, 33.8bar (7, 4) ; data presented in the publications correlate well within the normal saturation range of interest in automotive applications (ie around -10C to 90C). The data reported by Akasaka has been used to derive relationships for the saturated liquid and vapour enthalpies as a function of temperature, and taking the arithmetic difference in the two values leads directly to the enthalpy of vapourisation. where h sat can be either saturated liquid or vapour enthalpy in kJ/kgK, t is temperature in C, and c 0-6 are the coefficients presented in Table 1 .
Vapour pressure relationship
Detailed saturated enthalpy data between 90C and the critical temperature of 94.7C was not available, but as this corresponds with system operation at pressures in excess of 30.9 bar this is not considered to be an issue in the work reported here.
-Subcooled liquid enthalpy relationship
Approximate subcooled liquid enthalpy calculations can be made on the assumption that enthalpy of any subcooled liquid is equal to the saturation enthalpy at the same temperature. Observation of the p-h diagrams published for R-1234yf shows that this is a reasonable assumption at liquid temperatures between around 0 and 50C. However, a more rigorous approach yielding better accuracy across the complete temperature range necessitates the calculation of subcooled liquid enthalpy as a function of both pressure and temperature. In view of this, a 3D surface fit is required, and it was found that a full cubic 3D polynomial of the form shown below works well: where h liq is enthalpy of subcooled liquid in kJ/kg as a function of P (pressure in bar abs), and t (temperature in C). Again, coefficients c 0 to c 9 are presented in Table 1 , and recovery of subcooled liquid enthalpies from the fit given above generates data accurate to within around 0.2% of published values across a the entire range of temperature and pressure of interest. This corresponds with a correlation coefficient, R 2 , of 0.99993.
-Superheated vapour enthalpy relationship
Derivatives of the Martin-Hou equation of state enable the direct calculation of ideal gas heat capacity, but this is of limited use in the analysis of the superheated region of automotive refrigerant cycles. Non-ideal gas behaviour in the vicinity of the saturated vapour line can result in considerable inaccuracies in calculations of vapour enthalpy. Clearly superheated vapour enthalpy is a function of both pressure and temperature, and again the 3D relationship shown in Eq 3 can be applied, with h vap simply substituted for h liq : Corresponding coefficients are given in Table 1 , and result in calculations of vapour enthalpy to an accuracy typically better than 0.2% across the entire superheat region. Some extrapolation of data at temperatures above 100C has been required in the development of the p-h diagram shown in this paper, but comparison with other published data demonstrates that the approach is sound.
The superheated/subcooled enthalpy surface fits given in Eq's 3 and 4 do not predict saturation enthalpies particularly well at pressures above around 30bar; this is due to the significant changes in fluid characteristics as the critical point is approached, and the limited amount of data currently available for the fluid in this region. However, typical automotive system operating conditions would not be in this region, and in view of this, superheated and subcooled fluid properties can be accurately recovered for most applications. This leads to good accuracies when calculating enthalpy change across the A/C condenser and evaporator.
-Enthalpy of vapourisation
Calculation of enthalpy of vapourisation is trivial, and is represented by Eq (5):
A plot of the p-h data arising from the fits given above across a range of pressure and temperature typical in automotive applications is given below in Fig 2 . Coefficients for use in equations 1-4 
A/C SYSTEM CYCLE ANALYSIS & DISCUSSION
The relationships given above enable accurate analysis of the A/C loop of the automotive air conditioning system. This is particularly useful in comparing performance and efficiency of the A/C system when operating with R134a and R1234yf refrigerants and also with the incorporation of an Internal Heat Exchanger (IHX). Data has been gathered from a test bench set-up where a system was subjected to thermal performance evaluations under controlled conditions in accordance with the VDA Common Spec Book (8).
Specifically, an A/C system comprising all relevant components was mounted on a test bench and evaluated in baseline configuration with R134a before being converted to operation with R-1234yf and then subsequently fitted with an optimised IHX. Data arising from the tests has been analysed using the relationships given above, and the cycles are shown for the 3 configurations in Fig 3. As expected, conversion to R-1234yf leads to a reduction in evaporator performance as a result of the new refrigerant's inferior enthalpy characteristics. Under the test conditions reported, the enthalpy rise across the evaporator for the baseline set-up is reduced by around 25% when moving from R134a to R-1234yf. However, R-1234yf does exhibit higher gas densities at compressor inlet as compared with R134a, and this resulted in an increase in compressor mass flow rate of around 15% when comparing the two tests. On the system tested, this resulted is a net reduction in evaporator heat transfer performance of 13%; R134a and R-1234yf levels of heat transfer were 6.7kW and 5.8kW respectively.
Fitment and optimisation of an IHX leads to considerable improvement, as shown in Fig  3. When coupled with the refrigerant mass flow measurement, the rise in evaporator enthalpy change observed with the IHX leads to a net evaporator heat transfer of 6.6kW, just 1% lower than the R134a baseline.
Eq1a (Leck, (7) 
Fig 3 -Comparison of A/C cycles using R-1234yf data derived from Eq's 2-5
Whilst this paper is primarily concerned with the presentation of relationships enabling easy analysis of the new refrigerant's thermophysical properties, it is useful to take note of some of the practical ramifications of the fluid's implementation. Fig 3 clearly shows the comparative values in enthalpy of vapourisation of the two fluids, and the potential effect of this on evaporator heat transfer. Increases in TXV-inlet subcooling, and hence reductions in TXV-inlet enthalpy, arising from fitment of the IHX are also clearly evident; and this can lead to recovery of system performance and efficiency when migrating to the new fluid.
Another point worth noting is the slight reduction in saturation temperature apparent with R-1234yf as compared with R134a at a given evaporating pressure. For example, careful observation of Fig 1 shows that at a typical evaporating pressure of 2.9 bar abs, R1234yf will change phase at a temperature of -2.3C as compared with a value of around 0C for R134a. This could lead to evaporator icing, if care is not taken to recalibrate the mass control actuator of an internally-controlled compressor when moving across to the new refrigerant.
CONCLUSIONS
• Thermophysical properties of R-1234yf which are of interest to the automotive climate control engineer can be described to an acceptable level of accuracy by a set of discrete polynomial relationships. The relationships are robust up to a pressure of around 30 bar, which is adequate for most applications. • These relationships and corresponding coefficients are presented, and enable direct calculation of refrigerant properties within a spreadsheet or simulation environment in the analysis of A/C cycles. Typically, accuracies of well under 0.2% of published enthalpy data are achieved across the range of liquid, saturation and gas phases.
• Application to conventional and 'IHX' A/C loops has been conducted in order to demonstrate the value of the relationships presented. The relative merits of R134a and R-1234yf, and the benefits of implementing an IHX have been elucidated by means of A/C refrigerant cycle analysis using the relationships given.
